The Mg'+/2H+antiporter kcently described on lutoid membrane (Z. Amalou, R Gibrat, C. Brugidou, P . Trouslot, J. d'Auzac 119921 Plant Physiol 100: 255-260) was solubilized by octylglucoside and reconstituted into soybean liposomes using the detergent dilution method. Magnesium efflux or influx experiments were used to generate a H+ influx or efflux, respectively, monitored with the fluorescent probe 9-amino-6-chloro-2-methoxyacridine. Both experiments gave saturable H+ fluxes as a function of internal or extemal Mg'+ concentrations with similar kinetic parameters K, and V , .
The K, value for Mg"+ (about 2 mM) was identical to that previously found in lyophilized-resuspended lutoid (reference therein), whereas the V, value was 1Cfold higher. Since only 10% of the initial proteins were recovered in proteoliposomes, and electrophoretic patterns of the two kinds of vesicles differed significantly, it was inferred that the increase in V , was due essentially to an enrichment of the protein antiporter in the reconstituted fraction, owing to a selective effect of octylglucoside at both solubilization and reconstitution steps. None of the various divalent cations used could dissipate the pH gradient of control liposomes of soybean lipids, unless the divalent/H+ exchanger A23187 was added, whereas a rapid dissipation of the pH gradient was observed with reconstituted proteoliposomes from lutoid proteins, with the u t i o n selectivity sequence Znz+ > Cd" > Mg' + in the millimolar concentration range. The divalent ions Ca", Ba'+, a d Mn" were incapable of generating a H+ efflux in reconstituted proteoliposomes, whereas both M9+/H+ and Ca2+/H+ exchanges were obsorved in lyophilized-resuspended lutoids. Therefore, the lutoid membrane seems to contain separate M9+/H+ and Ca"/,+ transport systems, the latter being eliminated during the solubilization/ reconstitution of lutoid membrane proteins. (Marschner, 1986) . In spite of this important physiological role, data on M e membrane transport systems and compartmentation in plant cells are scarce.
We have previously described a M$/H+ exchange at the lutoid membrane from Hertea brusiliensis latex using fluöres-cent probes in vitro (Amalou et al., 1992) . Latex is the fluid cytoplasm of the latiáferous vessels containing lutoids, a specialized vacuo-lysosomal compartqent (d'Auzac et al., 1989) . Magnesium is accumulated 10Lfold in lutoids compared to the latex cytosol (d'Auzac et al., 1989) and is directly involved in the biosynthesis of cis-plyisoprene m o l d e s (lacob et al., Kekwick, 1989) .
The Mg+/H+ exchange was saturable with similar K, for MgZ+ in both M$ influx and efflux experiments and was inhibited by amiloride and imipramine. The Id, for MgZ+ (2.5 m) and the inhibitor concentrations for half-maximal inhibition (0.3 and 0.12 m for amiloride and imipramine, respectively) were close to those determined for the elecimneutral M$+/2Na+ antiporter in animal cells (Günther et al., 1990) . When the membrane potential of lutoid vesicles was clamped to zero with K+ and valinomycin, the ic, and V , , parameters did not change. On the other hand, M e gradients did not generate any detectable membrane potentials, whereas imposition of K+ gradients in the presence of valinomycin generated high membrane potentials. It was conduded that the lutoid membrane contains an elettuneutrd M&+/2H+ antiporter.
The present paper desaibes the reconstitution in soybean lipids of a solubilized protein fraction enriched in the lutoid M$/2H+ antiporter and give4 the selectivity sequence for divalent catim.
Abbreviations: ACMA, 9-amino-6-chlom-2 methoxyaaidine; BTP, bis-tris-muane; CMC, aitical dellar concentration.
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MATERIALS AND METHODS

Plant Material
Latex was obtained from rubber trees (Hevea brasiZiensis) at the experimental plantation of Institut de Recherches sur le Caoutchouc at Bnbresso, Abidjan, Côte d'Ivoire. Lutoids were isolated from the latex by centrifugation (40,00Og, 60 min, Beckman J 20 rotor, r-at 4OC), washed five times in buffer containing 300 m~ mannitol, 50 m~ Hepes-Tris @H 7.5), and then lyophilized (Marin et al., 1981) . Resuspension of lyophilized lutoids with a Potter homogenizer gives tight vesicles, with functional H+-ATPase and M$+/2H+ antiporter (Amalou et al., 1992).
Solubilization of the Lutoid Tonoplast Proteins
All procedures were conducted at 4OC. Lyophilized lutoids were resuspended in buffer A containing 5 m~ Hepes-BTP @H 8.0) and 3 m~ MgS04, assayed for the protein content, and adjusted to a final concentration of 10 mg/mL. The suspension was centrifuged (40,00Og, 30 min, Bedunan J 20 rotor, Y-) and the pellet, resuspended in 2.5 mL, was solubilized at an optimum octylglucoside concentration of 60 m~ in buffer B containing 5 m~ Hepes-BTP (pH &O), 3 m~ MgS04, 100 m~ KCl, and 20% (v/v) glycerol. This mixture was incubated on ice and stirred for 30 min. A clear supernatant was obtained after centrifugation (145,00Og, 1 h, Beckmann Ti 50 rotor, r-) and assayed for solubilized proteins. A thin, rubber f i l m at the top of the tube was discarded before collecting the solubilized proteins in the supernatant.
Reconstitution of the Mg2+/2H+ Antiporter Liposomes from soybean lipids (L-a-phosphatidylcholine, type II-S, Sigma) were prepared as follows: 40 mg of lipids were dispersed by vigorous mixing on a vortex mixer in the presence of glass beads in 1 mL of buffer B for 15 min under argon. Afterward, the suspension of multilayer vesicles was sonicated for 15 min in a Bransonic bath sonicator until clarification. Sonicated liposomes were solubilized by odylglucoside. Solubilization was monitored by measuring the decrease of the turbidity of the liposome suspension as a function of detergent concentration (not shown). Liposomes were fully solubilized at an effective ratio value pRe = (detergent -CMC)/@hospholipids)] of 3.0 where concentrations are expressed in m. The value used for the CMC of octylglucoside was 25 m~: this was confirmed using the fluorescent anilino-naphthalene-sulfonate probe, the quantum yield of which strongly increased upon its binding on detergent micelles (not shown). The phospholipid/detergent mixture was added to the solubilized proteins at an optimum phospholipidprotein ratio of 15 and placed on ice for 30 min. Due to the high CMC of octylglucoside, solubilized membrane proteins were reconstituted using the detergent dilution method (Racker et al., 1979) , as already achieved for a variety of divalent ion antiporters (Miyamoto and Racker, 1980; Nakamura et al., 1986; Schumaker and Sze, 1990) . The protein/phospholipid/detergent mixture (2.5 mL) was slowly injected into 125 mL of buffer B without glycerol and incubated and stirred for 30 min at 25OC. The clear lipid-protein Plant Physiol. Vol. 106, 1994 mixture became cloudy and was centrifuged (145,00Og, 1 h, Beckman Ti 70 rotor, r-), resuspended in 0.25 mL of buffer B, and stored in liquid nitrogen. Proteoliposomes were diluted an additional 200-fold in the assay cuvette to measure the initial rate of ACMA quenching as described below.
Transport Experiments
In M$+ efflux experiments, membrane vesicles loaded with the indicated MgS04 concentration in 5 m~ Hep-BTP @H 8.0) were diluted (5-25 pg/mL protein) in the assay medium (2 mL) containing the same MgSO4 Concentration, 25 m~ Hepes-BTP @H B.O), and 1 BM ACMA. A quasi-infinite outward diffusion gradient of M e was generated by addition to the outside of EDTA-BTP @H 8.0) in excess of the M$+ concentration. The M$+/2H+ antiporter used this gradient to generate a M$+ efflux coupled to a H+ influx, which was monitored at 3OoC using the permeant fluorescent pH probe ACMA. Fluorescence quenching of ACMA was measured at 415/485 nm exatation/emission wavelengths with an SLM 8OOOC spectrofluorometer. The H+ influx, measured as the initial rate of ACMA quenching (VH+), was linear with protein concentration and was expressed in spedfic units (% quenching min-' pg-' protein).
In divalent influx experiments, membrane vesicles were loaded with 5 m~ NH.S04, 0.5 m~ EDTA-BTP (pH &O), 1 m~ Hepes-BTP @H 8.0) and were diluted 200-fol'd (5-25 pg/ mL protein) in the assay cuvette (2 mL) containing 5 m~ Hepes-BTP (pH 8.0) and 1 p~ ACMA. The Nfc+ dilution resulted in a quasi-instantaneoys add loading of the vesicles, due to the outward diffusion .of NHs (Schumaker and Sze, 1990) . The corresponding quenching of the ACMA probe was high and stable. Thereafter, quasi-infinite inward gradients were imposed by adding M e , or the indicated divalent cations, to the outside; the Me/2H+ antiporter used this gradient to generate a divalent influx coupled to a H+ efflux, estimated by the initial rate of dissipation of the ACMA quenching (also designated VH+).
The effect of amiloride and imipramine was studied in M e efflux experiments by measuring VH+ after incubating proteolipsomes for 10 min at the indicated inhibitor concentrations in the assay medium. Amiloride interfered with the fluorescence of permeant pH dye (Sabolic and Burchkardh, 1983) . Correction for this interference was performed by adding amdoride to the ACMA-containing assay cuvette prior to adding the vesicles and changing the signal amplification to recover the initial fluorescence intensity (Blumwald and Poole, 1985) .
SDS-PAGE of Lutoid Membrane Proteins
SE-PAGE was performed in a Bfo-Rad gel apparatus by the method of Laemmli (1973) . Electrophoresis in the 1.5-mm-thick slab gels was carried out on a 10% (w/v) acryIamide gel with a stacking gel of 4% (w/v) acrylamide. Samples were diluted 2-fold in buffer containing 62 m~ Tris-HC1 @H 6 4 , 10% (v/v) glycerol, 2% (w/v) SDS, 1% 2-mercaptoethanol, and 0.001% (w/v) bromphenol blue and incubated for 5 min at 100°C prior to electrophoresis. The gels were silver stained (Oakley et al., 1980) Proteins were estimated by the method of Schaffner and Chemicals OR), and all other chemicals were from Sigma.
ACMA was purchased from Molecular Probes (Eugene,
RESULTS
Only one-half of the initial protein content of lyophilized and resuspended lutoid vesicles was recovered in the pellet after a single wash in the buffer without detergent (Table I) .
Approximately 80% of the activity of two soluble enzymic markers of the vacuolar compartment (Matile, 1978; d'Auzac, 1981) , acid phosphatase and a-mannosidase, were also lost after this wash. This suggests that the compartmentation of soluble proteins in native lutoids, which was maintained after five washes in an isoosmotic buffer performed at the experimental plantation of Institut de Recherches sur le Caoutchouc was lost when lutoids were resuspended after lyophilization. The m a x i " specific rate of the M$+/H+ exchange, measured in M e efflux experiments as described in #Materials and Methods,'increased 2-fold, in agreement with the abovementioned loss of soluble proteins (Fig. 1, trace b ; Table I ).
Almost 70% of the remaining membrane proteins in the washed pellet could be solubilized by octylglucoside under the o p t i " conditions indicated in #Materials and Methods, ' and only 30% of the solubilized proteins could be reconstituted after the detergent dilution step. of the SDS-polyacrylamide gel revealed that several bands were highly enriched after the reconstitution step (Fig. 2) ;
The kinetic parameters (K, for Mg2+ and V-) of the Mg2+/ H+ exchange in reconstituted vesicles were almost the same from both Mf efflux or influx experiments (2 m and 180% quenching min-' pg-' protein, respectively, Fig. 3, A and B) .
The V , , value was 14-fold higher than that obtained with lyophilized-resuspended lutoids (Amalou et al., 1992; Fig. 1 ; Table I ). As previously shown, the MgZ+/H+ exchange was inhibited by amiloride and imipramine and the half-inhibiting concentrations were 0.16 and 0.070 m~, respectively (Fig. 4) .
Selectivity of the divalent/proton exchange in reconstituted vesicles was determined by measuring the dissipation of preformed H+ gradients upon imposition of quasi-infinite inward gradients of divalents (according to the acid-loading protocol described in 'Materials and Methods'). A control eqeriment o n reconstituted liposomes indicated that none of the divalents used could dissipate the preformed H+ gradient (Fig. 5A) . When reconstituted liposomes contained the ionophore A23187, a rapid dissipation was observed after addition of 0.1 m~ divalents with the selectivity sequence Cd" > U t 2 + > Ca2+ > M e . None of the divalents used, however, were capable of dissipating the H+ gradient across proteolipommes when added at 0.1 m~ (Fig. 5B) . . . 
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DISCUSSION
None of the divalent cations used in this study could be exchanged with H+ when added to the outside of acid-loaded liposomes of soybean lipids, even in the millimolar range (Fig. SA) . This confirms that nonfacilitated (electrophoretic) divalent/H+ exchange does not OCCLU at the lipidic bilayer used in protein reconstitution, as previously shown in M&+ efflux experiments (Amalou et al., 1992) . In the presence of the ionophore A23187, a rapid exchange was observed with the selectivity sequence Cd2+ > Mn2+ > Ca2+ > M$+ known for this ionophore (Pressman, 1976) . This indicates that the experimental protocol was suitable to detect a facilitated divalent/H+ exchange at a relatively low concentration of divalents (0.1 m), and allowed the reliability of the selectivity sequence. Therefore, the inefficiency of divalent cations at this concentration in dissipating the preformed H+ gradient across reconstituted proteoliposomes confirms that the divalent/H+ antiporter of the lutoid tonoplast displays a low affinity. In the millimolar range, a rapid exchange was observed with the selectivity sequence Zn2+ > ed2+ > M$+ (Fig. 5B) . The M$/H+ exchange of proteolipomes was saturable (K, = 2 m, V , , = 180% quenching min-' pg-' protein; Fig. 3 ) and inhibitable by amiloride and imipramine (Fig. 4) .
Since the divalent/H+ exchange is saturable in the millimolar range and inhibitable, it can be attributed to a transport protein. Since M e is the only transported divalent present in the I -m range in the cytoplasm of plant (Yazaki et al., 1988) and animal cells (Heinonen and Akennann, 1987; Ishü and Lehrer, 1989) , this protein must be physiologically mvolved in M$+ compartmentation. We have previously shown on lyophilized-resuspended lutoids that M e influx did not generate a membrane potential (using the membrane potential probe oxonol VI), and that K+-valinomydn did not affect the M$+/H+ exchange (Amalou et al., 1992) . Therefore, it was concluded that the lutoid membrane contains an electroneutral Mg2+/2H+ antiporter.
The half-inhibiting concentrations (Fig. 4) in this study does not significantly modify the intrinsic transport properties of the antiporter. The V,, parameter in the proteoliposomes increased 14-fold compared to that for lyophilized-resuspded lutoids (Table I) . Several factors must be considered to explain such an augmentation. First, the ACMA response Win depena on the intemal buffering of the vesicles. In the present study, the different kinds of vesicles contained the same buffer. Second, the increase of the V,, parameter could be due to an increase of the membrane tightness to H+. This hypothesis is unlikely because the pH gradient of acid-loaded vesicles by NI&+ dilution was very stable in both liposomes and proteoliposomes (Fig. 5) , as well as in lyophilized-resuspended lutoids (Amalou et al., 1992) ; in each case the pH gradient dissipation was totally dependent on the facilitated MgZ+ influx.
Third, a variation in the statistical orientation of antiporter molecules after protein reconstitution could also be responsible for variation in the V , , parameter if the antiporter displays a large asymmetry of the kinetic parameters for influx and efflux. The similarity of the two kinetic parameters K, and V , , previously observed in MgZ+ efflux and influx experiments on lyophilized-resuspended lutoids (Amalou et al., 1992) and on reconstituted vesicles (this work) do not imply an actual symmetry of the molecular kinetic parameters of the antiporter for the following reasons. The starting preparations of lyophilized-resuspended lutoids appear to contain approximately half hide-out and half right-side-out vesicles, as estimated from the latency of the hydrolytic activity of the H+-ATPase (data not shown). On the other hand, reconstitution using the detergent dilution method, as in the present work, leads generally to a scrambling of the molecular orientation of membrane proteins (Helenius et al., 1981; Eytan, 1982) . Thus, even if the molecular kinetic parameters of the antiporter should be highly asymmetric, similar statistical kinetic parameters K, and V , , can be determined from both M e efflux and influx experiments performed in this study due to a scrambling of the membrane vesicle orientation in lyophilized-resuspended vesicles, or the expected scrambling of antiporter molecules in the reconstituted membrane. The important point is that such modifications of orientation do not explain the increase of the V , , parameter, since antiporter molecules are expected to be halforiented right-side-out in all experimental situations used in t h i s study.
Another important parameter involved in the ACMA response is the surface:volume ratio of the vesicles. Larger vesicles will exhibit larger fluorescence quenches, but smaller vesides will exhibit higher initial rates (Bennett and Spanswick, 1982) . The size of resuspended lyophilized lutoids k heterogeneous but larger than those of reconstituted vesicles, since a high proportion of lutoid vesicles are visible under a photonic microscope. This could explain the observed increase in the initial rate of transport after reconstitution, which should be proportional in theory to the decrease of the vesicle radius. Nevertheless, this effect is expected to be significantly counterbalanced by the decrease of the density of membrane proteins at the surface of the reconstituted vesicles (membrane proteins were 15-fold diluted in soybean lipids). Plant Physiol. Vol. 106, 1994 Finally, a sigrifkant proportion of the increase of the V , , parameter in reconstituted vesicles seems likely to be due to an actual enrichment in antiporter " l e s . The total activity (i.e. the specific activity X probein amount) in the initial fracth (Iyophíbed-resuspended lutoids) was recovered in the reconstituted fraction ("able I), which contained only 10% of the initial proteins. Indeed, the different protein fractions exhibited different electrophoretic patterns, indicating that several polypeptides were enriched (Fig. 2) . It has to be pointed out that half of the protein content in lyophilizedresuspended lutoids were simultaneously lost with soluble markers of the vacuole after a single washing, and that only 20% of the proteins in the washed pellet were solubilized and reconstituted using octylglucoside and the present protocol. Selective effects of detergents have been widely used in a first step of membrane protein purification. For instance, Triton X-100 washing in the presence or absence of chaotropic agent (KI or KBr) has been shown to cause significant enrichments in plasma membrane H+-ATPase (Grouzis et al., 1987; Sandstrom and Cleland, 1989) .
Due to the physiological role of MgZ+, it is important to determine if such a system exists in membranes other than the specialized lutoid membrane. A MgZ+/H+ exchange was recently shown in native tonoplast vesicles isolated from maize roots (Pfeiffer and Hager, 1993) . The divalent/H+ antiport activity and affinity were higher for Ca2+ than for Mg2+ in maize root tonoplast. Sice the observed affinity for Caz+ was much lower than its normal cytoplasmic concentration, it was inferred that the diyalent/H+ antiporter of maize tonoplast was physiologically involved in the transport of MC, and not of Ca". Another hypothesis could be raised from the present work the tonoplast membrane could contain two distinct divalent/H+ antiporters, discriminating Caz+ and M e , which are involved in totally different physiological processes. The Caz+/H+ exchange already shown in the native lutoid membrane (Cluestin et al., 1984) was recovered in lyophilized-resuspended lutoids (Fii. 6) but it was totally absent in reconstituted proteoliposomes (Fig. 5B) . This suggests that the Caz+/H+ antiporter has been eliminated during the solubilization-reconstitution step (only 10% of the initial protein content wak recovered in these vesicles). In animal cells, it has been previously proposed that the same transporter may be responsible for both M e and Ca2+ transport (Mullins et al., 1977) , but it appears now that M e needs its own, separate transport system (see Flatman, 1991 , for a review).
Identification of the polypeptide(s) involved in the Mg+/ 2H+ antiport at the lutoid membrane will necessitate further steps of protein purification. The ability to solubiie and reconstitute the Mg+/2H+ antiporter while maintaining its transport properties is important in such a strategy.
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